Approximately 100 genes undergo genomic imprinting. Mutations in fewer than 10 imprinted genetic loci, including GNAS, are associated with complex human diseases that differ phenotypically based on the parent transmitting the mutation. Besides the ubiquitously expressed Gsα, which is of broad biological importance, GNAS gives rise to an antisense transcript and to several Gsα variants that are transcribed from the nonmethylated parental allele. We previously identified two almost identical GNAS microdeletions extending from exon NESP55 to antisense (AS) exon 3 (delNESP55/ delAS3-4). When inherited maternally, both deletions are associated with erasure of all maternal GNAS methylation imprints and autosomal-dominant pseudohypoparathyroidism type Ib, a disorder characterized by parathyroid hormone-resistant hypocalcemia and hyperphosphatemia. As for other imprinting disorders, the mechanisms resulting in abnormal GNAS methylation are largely unknown, in part because of a paucity of suitable animal models. We now showed in mice that deletion of the region equivalent to delNESP55/delAS3-4 on the paternal allele (ΔNesp55 p ) leads to healthy animals without Gnas methylation changes. In contrast, mice carrying the deletion on the maternal allele (ΔNesp55   m   ) showed loss of all maternal Gnas methylation imprints, leading in kidney to increased 1A transcription and decreased Gsα mRNA levels, and to associated hypocalcemia, hyperphosphatemia, and secondary hyperparathyroidism. Besides representing a murine autosomal-dominant pseudohypoparathyroidism type Ib model and one of only few animal models for imprinted human disorders, our findings suggest that the Nesp55 differentially methylated region is an additional principal imprinting control region, which directs Gnas methylation and thereby affects expression of all maternal Gnas-derived transcripts.
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genomic imprinting | Gsα | pseudohypoparathyroidism | parathyroid hormone | hormonal resistance F ewer than 100 genetic loci in mammals undergo methylation on the maternal or paternal allele, thereby limiting their expression to only one parental allele (1, 2) . Mutations in fewer than 10 of these imprinted loci cause human disorders, which are associated with abnormal DNA methylation and differ phenotypically based on the parent transmitting the genetic defect. The mechanisms leading to changes in DNA methylation are unknown, partly because of a paucity of suitable animal models mimicking the human disorder.
The complex GNAS locus (chromosome 20q13.3; mouse distal chromosome 2) is one of the few differentially methylated regions of the genome that is associated with human disorders (1, 3) . GNAS encodes the α-subunit of the stimulatory G protein (Gsα), which is important for cAMP-dependent signaling events downstream of a large variety of G protein-coupled receptors (3) (4) (5) (6) . By splicing three distinct first exons (A/B, XL, or NESP55; mouse exons 1A, Gnasxl, or Nesp55, respectively) onto GNAS exons 2 through 13 (mouse Gnas exons 2-12), several alternative transcripts are generated, including the paternally expressed sense transcripts XLαs, XXLαs, and A/B (in the mouse Xlαs, Xxlαs, and 1A, respectively) and the maternally expressed transcript NESP55 (in the mouse Nesp55) (7-9); furthermore, an antisense transcript AS [in the mouse, Nespas (10) ] is expressed from the paternal allele (11) . Allele-specific expression of the different transcripts is dictated by differential methylation of their promoters and first exons, which restrict transcription to the nonmethylated parental allele (12) (Fig. 1A) .
The human disorders that are caused by heterozygous mutations within the GNAS locus include pseudohypoparathyroidism type Ia (PHP-Ia), which is caused by maternally inherited inactivating mutations affecting the exons encoding Gsα; pseudopseudohypoparathyroidism (PPHP) and progressive osseous heteroplasia (POH), which are both caused by paternally inherited inactivating mutations in these exons; and the McCune-Albright syndrome, which is caused by mutations that lead to constitutive Gsα activity (3) (4) (5) (6) . Furthermore, the autosomal-dominant (AD) form of PHP type Ib (AD-PHP-Ib) is caused by microdeletions within or upstream of GNAS or by uniparental isodisomy of chromosome 20q, and both are associated with loss of one or several methylation imprints on the maternal GNAS allele (3). PHP-Ia is associated with multiple hormone resistance, including toward parathyroid hormone (PTH) and thyroid stimulating hormone (TSH), and Albright hereditary osteodystrophy (AHO) (3) (4) (5) (6) . Like with PHP-Ia, patients affected by PHP-Ib develop resistance toward PTH leading to hypocalcemia and hyperphosphatemia, which can sometimes be associated with mild resistance to TSH; unlike PHP-Ia, PHP-Ib appears to be only rarely associated with AHO features, such as shortening of metacarpals (13) (14) (15) .
AD-PHP-Ib is caused by microdeletions within STX16 (16, 17) or within GNAS (delNESP55/ASdel3-4) (18), which are associated with loss of maternal exon A/B methylation alone or with loss of methylation at all maternal GNAS differentially methylated regions (DMRs), respectively. Either of these epigenetic changes is associated, as determined in peripheral blood cells, with increased A/B transcription, which is thought to reduce Gsα expression in the proximal renal tubules, where this ubiquitous signaling protein appears to be derived predominantly from the maternal allele (6, 15) ; as a result, PTH resistance develops in this tissue. Mice lacking the equivalent of one of the STX16 deletions failed to reproduce human AD-PHP-Ib, suggesting that the region important for establishing or maintaining exon A/B methylation is located at a different location in mice (19) . We now generated mice with targeted deletion of the Gnas region that is equivalent to delNESP55/ASdel3-4 identified in two AD-PHP-Ib families and show that maternal inheritance of this deletion leads to loss of all maternal methylation imprints and to PTH resistance.
Results and Discussion
To generate mice carrying a deletion similar to delNESP55/ ASdel3-4 (18) (ΔNesp55), a targeting vector was constructed that removes a 4.3-kb genomic DNA fragment that includes most of the CpG island extending from Nespas exon 4 to Nespas intron 1 (20) , thus deleting both murine Nesp55 exons, as well as Nespas exons 2 and 3 and portions of Nespas exon 4 ( Fig. 1 A and B) . Mice that inherited the ΔNesp55 allele from their father, i.e., ΔNesp55 p offspring, revealed no obvious developmental defects or growth deficiency. In contrast, ΔNesp55 m mice had lower birth weights than their WT littermates ( Fig. 1 C and D) and failed to gain weight during postnatal development; no survival beyond d 5 was observed. Furthermore, some pups had narrow bodies, were hyperactive, and showed s.c. edema, i.e., abnormalities that are similar to those observed in mice with paternal uniparental disomy for distal chromosome 2 (pDp2) (21) .
Nucleotide sequence analysis of individual PCR clones derived from bisulfite-treated genomic DNA of ΔNesp55 m and pDp2 mice showed no evidence for an unmethylated Nesp55 DMR and a complete loss or close to complete loss, respectively, of all maternal methylation imprints (Fig. 2) . These included the exon 1A DMR, which represents, besides the Nespas/Gnasxl DMR, another subordinated ICR within the Gnas cluster that is established in the germline (22) . Loss of methylation at the corresponding human A/B DMR is invariably observed in all patients with AD-PHP-Ib and in most patients with sporadic PHP-Ib (16, 18, (23) (24) (25) , and is associated with an increase in A/B mRNA transcripts (1A mRNA transcripts in the mouse). In contrast, ΔNesp55 p mice showed no evidence for a methylated Nesp55 DMR, which is consistent with the extent of the introduced deletion. Compared with WT animals, there was no obvious change in the methylation pattern at the other DMRs; data were confirmed by Southern blot analyses using methylation-sensitive restriction enzymes (Fig. S1 ). Overall these molecular findings are indistinguishable from those of families with delNESP55/ ASdel3-4 (18) and similar to those previously reported for human paternal uniparental isodisomy comprising the GNAS locus (26), thus establishing the Nesp55 DMR as another primary ICR of the Gnas locus.
Analysis of total brain RNA by RT-PCR (Fig. 3A) and Northern blot (Fig. S2) of total embryo RNA. However, unlike in healthy carriers with paternally inherited delNESP55/ASdel3-4, no Nespas transcript was detected in ΔNesp55 p embryos (Fig. 3B and data not shown). This discrepancy is most likely related to the fact that the ablated mouse genomic region included both Nesp exons, Nespas exons 2 and 3, as well as portions of Nespas exon 4, possibly leading to an unstable message. Consistent with the observed methylation changes at the Nespas/Gnasxl DMR, Xlαs transcription occurred in ΔNesp55 m animals from both parental alleles leading to an approximate 1.9-fold increase of its message; in contrast, analysis of the mRNA encoding Xlαs from ΔNesp55 p animals revealed no evidence for biallelic expression and thus no increased expression (Fig. 3 C and D) . Likewise, because of the loss of methylation at the maternal exon 1A DMR, 1A transcription occurred biallelically, resulting in an approximate 1.4-fold increase in mRNA, as judged by quantitative real-time RT-PCR (qRT-PCR; Fig. 3 E and F) ; both changes were similar to those observed in pDp2 mice.
Loss of exon 1A methylation and the resulting biallelic 1A mRNA transcription had previously been predicted to suppress biallelic Gsα transcription in the renal proximal tubules (and presumably in other tissues/cells in which Gsα expression is thought to occur only from the maternal allele) to an extent that is sufficient to induce PTH-resistance and the resulting changes in mineral ion homeostasis (16, (23) (24) (25) . Indeed, a readily detectable decrease in Gsα mRNA transcripts was observed in total RNA from whole kidneys of ΔNesp55 m mice (Fig. 3G) , although monoallelic Gsα expression is thought to be confined to the proximal tubules (27, 28) ; in contrast, no obvious change in Gsα expression was detected in kidneys from ΔNesp55 p mice or in liver from ΔNesp55 m mice (Fig. 3H) . Reduced Gsα expression, presumably in the proximal renal tubules, was associated with increased serum levels of PTH and phosphorous, as well as reduced ionized calcium (Table 1) . These biochemical changes on postnatal d 2 were consistent with PTH resistance, which occurred earlier than observed in humans with AD or sporadic PHP-Ib, who usually do not develop symptomatic hypocalcemia early in life (16, 18, 24, 25) . It is conceivable that a rapid further decline in blood calcium levels occurred over the next 2 to 3 d, which could have contributed to the invariable demise of ΔNesp55 m mice by postnatal d 5. pDp2 mice also die perinatally and show a similar phenotype as ΔNesp55 m mice, and both animals have biallelic Xlαs expression (Fig. 3D) . Despite these similarities, however, it appears unlikely that increased Xlαs levels contribute to the postnatal death of ΔNesp55 m mice, as patients with PHP-Ib with broad methylation GNAS changes resulting from delNESP55/ASdel3-4 (18), patUPD20q (26) , or yet unknown molecular defects (25) show no early lethality.
It has proven difficult to generate mouse models of imprinted human diseases (1, 19, 29) . Different from the previously generated mice lacking three Stx16 exons, which failed to develop PTH resistance (19) , ΔNesp55 m mice recapitulate the epigenetic changes observed in patients with maternally inherited delNESP55/ASdel3-4 and develop hypocalcemia and hyperphosphatemia despite elevated PTH levels, thus providing a model of AD-PHP-Ib. Our findings furthermore indicate that the Nesp55 DMR represents another principal ICR within the complex Gnas cluster, which regulates in cis methylation of Nespas/Gnasxl and 1A. Both the Nesp55 DMR and the hierarchically equal Nespas/Gnasxl DMR (30) appear to regulate methylation of the subordinated exon 1A DMR (30, 31) scription in the oocyte (32) . Derepression of 1A transcription through loss of methylation limits Gsα expression in imprinted tissues such as the proximal renal tubules, thus leading to the development of hormonal resistance (Fig. 4) . The role of Nespas RNA in this regulatory process may be similarly important as that of other noncoding RNAs, which appear to be involved in silencing several autosomal and X-chromosomal genes (33) .
Methods
Construction of the Targeting Vector. The pACN targeting vector was designed to delete the entire Nesp55 DMR of Gnas (nucleotides 70,086-74,480) encompassing Nesp55 exons 1 and 2, and the Nespas exons 2 and 3 as well as part of Nespas exon 4 ( Fig. 1A and SI Methods). The vector contained the diphtheria toxin cassette driven by the thymidine kinase promoter and the neomycin gene driven by the RNA polymerase II promoter for negative and positive selection, respectively, of transfected embryonic stem (ES) cells; this selection cassette was flanked by loxP sites (34) . The Cre recombinase gene (Cre) was driven by the testis-specific promoter (tACE) of the gene encoding angiotensin-converting enzyme, thus allowing self-excision of the selection cassette upon germline transmission.
Targeting of ES Cells and Mouse Breedings/Analyses. The pACN vector was linearized with NotI before transfection of male J1 ES cells from mouse strain 129/SvJ (34) . Colonies surviving G418 selection were screened by Southern blot analysis using SphI-digested genomic DNA, which was probed with a 32 P-labeled 1.2-kb DNA fragment (nucleotides 77,987-79,227). Correct targeting at the 3′ end was confirmed by probing NcoI digests with a 289-bp fragment (nucleotides 62,540-62,829; Fig. 1 A and B) . Three independently targeted ES cell clones were injected into C57BL/6J blastocysts, which were transferred into uteri of 2. Measurement of Ionized Calcium, Phosphorus, and PTH. Ionized blood calcium concentration was measured using a 9180 Electrolyte Analyzer (AVL Medical Instruments), inorganic phosphorous was measured using the Stanbio Phosphorus Liqui-UV Procedure (Stanbio), and PTH concentrations were measured using a two-side enzyme-linked immunoassay specific for intact mouse PTH (Immutopics). , WT allele); to determine whether Xlαs or 1A transcripts were derived from the maternal or the paternal allele, PCR products were incubated with BanII, which cuts cDNA derived from 129/SvJ (s) RNA, but not from C57BL/6J (c) RNA, due to a SNP located in Gnas exon 10, as described previously (19) . qRT-PCR using total RNA from WT mice (+/+), animals with paternally or maternally inherited ΔNesp55 (Δ P /+ M or Δ M /+ P , respectively), as well as pDp2 animals (+ P /+ P ); all expression levels were normalized to Actb mRNA and are shown relative to the expression levels in WT mice (normalized to 100%); mean ± SEM of six independent experiments with genetically manipulated mice and of 12 independent experiments with WT mice; asterisk, P < 0. showing the start site and direction of transcription of Gnas-derived coding and noncoding/nontranslated mRNAs. Exons filled in gray indicate silenced, or in the case of Gsα, poorly expressed transcripts. Although Gsα is biallelically expressed in most tissues, it is predominantly expressed from the maternal allele in some tissues (bold arrow) with little or no expression from the paternal allele (dotted arrow). (B) Model of the mechanism through which the loss of the Nesp55 DMR might lead to PTH resistance. Lack of the Nesp55 DMR on the maternal allele results in a loss of methylation at the two downstream DMRs, Nespas/Gnasxl and 1A, and consequent expression of Xlαs and 1A transcripts (red arrows), which are normally expressed only from the paternal allele. This suggests that the maternal unmethylated allele of Nesp55 could serve to repress expression of these transcripts from the paternal chromosome. As a consequence of biallelic 1A expression, Gsα expression is reduced in some tissues, including the proximal renal tubules, thus leading to PTH resistance. Because of the extent of the introduced deletion, its effect on the expression of the Nespas transcript could not be investigated (gray/red-shaded box and black/red-labeled arrow). The filled triangle represents the single loxP site that remains at the site of the introduced deletion. No effect on the imprinted expression of Gsα was observed after paternal transmission of ΔNesp55.
